provides a skeletal framework for microplicae and microvilli.7
The corneal epithelium is about 50 ptm thick and made up of five to seven layers of very regularly arranged, nonkeratinised, squamous epithelial cells.' The basal layer of columnar cells is tightly adherent to an underlying uniform 50 nm thick, basement membrane. The basement membrane is composed largely of type IV collagen, laminin, heparin, and some amounts of fibronectin and fibrin. By electron microscopy it is divisible into an anterior clear lamina lucida which provides hemidesmosomal attachments to basal epithelial cells, and a posterior dark lamina densa. Anchoring fibrils composed oftype VII collagen anchor the lamina densa to localised anchoring plaques located in the underlying stroma and Bowman's membrane. 6 Two or three layers of interdigitating, wing, or polygonal cells make up the intermediate layer followed by two layers of small flattened superficial cells. The superficial cells possess tight junctions, zonulae occludens, that obliterate the intercellular space and afford a permeability barrier to the cornea. The anterior plasma membrane of the most superficial layer of cells shows numerous microvilli and microplicae which facilitate transport of metabolites and tear film adhesion.' The cytoskeleton of epithelial cells is made up of tonofibrils, keratins, reticulin, and actin. Actin is present predominantly as an apical network under the anterior plasma membrane and * Surface area= 27Tr x (r-\/r2-R2), where r is the radius ofcurvature ofthe cornea (average 7 9 mm) and R is the radius of the chord (average 5 75) (half the diameter of the cornea, average 11 5 ).
provides a skeletal framework for microplicae and microvilli. 7 The basal cells are metabolically more active and have more mitochondria than superficial cells. Corneal epithelial nutrient requirements are derived from three sources: the tear film which provides most of the oxygen, the limbal blood vessels, and the aqueous humour which supplies the bulk of glucose and amino acids. B Adrenergic and muscarinic cholinergic receptors are present on the cell membranes. The function of cholinergic receptors is still unclear but adrenergic receptors are directly related to production of cyclic AMP and initiating biochemical and physiological responses of the cells.4
LIMBUS
The epithelium in this transitional zone is about 10 5 An accumulation of polymorphonuclear cells, arriving principally via the tear fluid, occurs along the wound edge at about 3 hours after injury and later can be seen over the surface of the wound and also in the stroma.5"' 13 '4 Desquamation of superficial cells and loss of the columnar appearance of basal cells causes a progressive thinning of the epithelium at the wound edge during the latent phase."' 14 The wound margin is reduced to two to three layers of cells, decreasing to a single layer at the leading edge. These flattened epithelial cells show ruffling and folding of the plasma membrane near their free edges to form narrow finger-like (filopodia) or broader coral-like (lamellipodia) processes, extending onto the wound surface.'1'6 Changes also occur in the non-cellular constituents of the epithelium. Concentrations of fibronectin, fibrinogen, and fibrin increase on the wound surface in 1 to 8 hours.6'7
The linear healing phase The latent phase is followed by a linear healing phase" during which the epithelial cells flatten, spread, and actually move across the defect till it is completely covered. This is an active, energy consuming process independent of cell proliferation which also occurs during the linear healing phase. Migration is associated with increased synthesis of proteins and glycoproteins'8 with glycogen metabolism serving as the energy source.5 Experimental studies have shown a dramatic rise in cell water content which increases cell volume allowing it to cover a larger area. Small defects can be covered by this mechanism alone. " Both basal and suprabasal cells participate in the migration process.7 20 The formation of lamellipodia and filopodia marks the beginning of cell migration. This also corresponds with the re-arrangement of actin filaments within these cells. Gipson 9 We have observed epithelial healing in several patients with corneal grafts and erosions. Fluorescein staining has often revealed alternating columns of stained and unstained cells extending from the limbus towards the corneal centre. These streams of cells tended to be more or less radial when associated with peripheral superficial vascularisation (Fig 2A) or curved and wedge-like in appearance with the broad end towards the limbus or towards the graft host junction and the narrow tapering end curving onto the corneal surface (Fig 2B) . When limbal palisades were visible, the cell columns appeared to correspond to interpalisade rete ridges (Fig 2C) . A similar streaming of cells onto the grafted cornea was also noted in relation to broken sutures (Fig 2D) . These observations lend support to the belief that stem cell activity does not occur contiguously along the limbus but rather in an interrupted manner presumably corresponding to repositories of stem cells in the rete ridges that alternate with palisades which may not hold a similar mass of stem cells.
EPITHELIAL CELL ADHESION
Corneal epithelial wound healing is not complete until the newly regenerated epithelium has anchored itself firmly to underlying connective tissue. Permanent anchoring units are not formed until the wound defect is completely covered. However, transient attachments are regularly formed and released during the process of cell migration.
Soon after wounding, extracellular matrix proteins like fibronectin, fibrinogen/fibrin, laminin, and tenascin6' 17 52 appear on the denuded surface. Migrating cells develop focal cell to substrate macromolecular contacts known as adhesion plaques. These are highly specialised membrane cytoskeletal complexes involving intracellular stress fibres, the plasma membrane, and extracellular substrate. In the absence of hemidesmosomes, intracellular actin can mediate such attachments via several cell surface adhesion molecules like vinculin, talin, a actin, fimbrin, and the family of very late activation (VLA) integrins.354 These molecules act as receptors for fibronectin, laminin, and other components of basement membrane.
Focal contacts are first established by lamellipodia and filopodia. These provide anchorage while intracellular contractile mechanisms draw the trailing cells forward. Fibrin and fibronectin stimulate epithelial cells to release plasminogen activator. This in turn converts plasminogen to plasmin which lyses cell to substrate adhesions allowing the cells to advance and form new adhesions. This cycle is repeated until migration ceases at wound closure.6 These adhesions are relatively weak and regenerating epithelium can be easily peeled off as a sheet." The rapidity with which permanent hemidesmosomal attachments form depends on whether or not the basement membrane remained intact at the time of wounding. In rabbit eyes, epithelial cells were shown to migrate rapidly and develop strong permanent adhesions within a week, when the basement membrane was left intact. On the other hand, after superficial keratectomy wounds, normal adhesion was not established until 6 weeks. 55 In the latter situation, advancing cells secrete new basement membrane before hemidesmosomes and anchoring fibrils can develop. In ultrastructural studies on monkeys, Hirst et al56 showed that corneal epithelial defects caused by scraping, iodine, or cocaine healed normally with the rapid formation of tight adhesions. However, alkali induced defects showed a marked delay in adhesion even in areas where basement membrane had been regenerated. This was attributed to the accumulation of keratocytes, cellular and amorphous debris, and the presence of subepithelial polymorphonuclear leucocytes which prevent anchoring of basement membrane to its collagenous substrate. Hemidesmosome formation corresponds to sites ofanchoring fibril attachment to the basement membrane and does not occur in the absence of anchoring fibrils.57
The conjunctiva in corneal epithelial wound healing That corneal defects could heal from the conjunctival epithelium has been known for a long time.58 Corneal epithelial wounds are known to stimulate a proliferative response in the perilimbal conjunctiva,"'59 but under normal circumstances the limbal epithelium acts as a barrier and is able to exert an inhibitory growth pressure preventing migration of con- junctival epithelial cells onto the cornea.6 However, when the epithelial defect involves the limbus, this barrier is lifted and conjunctival migration onto the cornea occurs. This is associated with the appearance ofgoblet cells and, often, new blood vessels.6 Conjunctival epithelium covering the cornea undergoes a slow transformation to assume characteristics resembling corneal epithelium, a process referred to as conjunctival transdifferentiation. Shapiro et al6 studied this process in rabbits and divided it into five stages depending on the presence and density of goblet cells and the degree of stratification of the conjunctival epithelium. This The consensus from most animal studies is that, although complete morphological transdifferentiation is possible, biochemically and functionally it is far from satisfactory.67 '69 Conjunctival transdifferentiation in animal models can therefore, at best, be described as squamous metaplasia with loss of goblet cells. Moreover, it has also been suggested that, in many of the above studies, conjunctival transdifferentiation could have occurred owing to incomplete removal of limbal basal epithelium,70 with the result that regenerated epithelium demonstrated both corneal and conjunctival features without one are actually changing to the othe'r.
Dua and Forrester9" studied the healing of large ocular surface epithelial wounds that involved the cornea, limbus, and conjunctiva in humans. In some patients, as illustrated in Figure ID -F, they noted a centripetally migrating sheet of conjunctival epithelium that reached and migrated across the limbus, preventing the circumferentially migrating limbal sheets from meeting each other. As a result varying areas of the cornea were covered by conjunctival epithelium. The epithelium in these areas was invariably thinner than adjoining normal corneal epithelium, showed a stippled stain with fluorescein, attracted new vessels, and was prone to recurrent erosions. Since publication of that report, we have studied a similar healing response in patients with corneal grafts and following large abrasions. In all these patients, even several months on, the corneal surface covered by conjunctival cells remained relatively thin and irregular without clinically evident transdifferentiation. The difference in thickness sharply demarcates the area of 'conjunctivalisation' from the adjacent healthy corneal epithelium and is rendered more obvious by the pooling of fluorescein dye (Fig 3A and B) .
What is more interesting is that tiny buds of corneal epithelium can be seen protruding into the conjunctival epithelium all along the contact line between the two epithelial phenotypes (Fig 3A and B cedure in two patients. On the other hand, if the patient presents with 'conjunctivalisation' of the cornea, it is easy to mechanically remove the conjunctival epithelium under topical anaesthesia at the slit-lamp. Figure 4 illustrates one such case where conjunctival epithelium covering the cornea was mechanically removed and was followed by rapid reepithelialisation of the cornea with corneal epithelium. Interestingly, it is the corneal epithelial sheet that advances rapidly to cover the defect rather than conjunctival epithelium from the limbus. This observation, coupled with the presence of corneal epithelial buds described above, would suggest the presence of a constant and persistent drive in the corneal epithelial sheet to replace conjunctival epithelium. When one considers all the biochemical, physiological, anatomical, and structural events that occur during corneal epithelial wound healing, it is not surprising that the process can be influenced adversely, or in some instances favourably, by a whole host of factors. These factors can be broadly categorised into those that affect cell migration, cell division, and cell adhesion. In Table 1 we have enumerated some clinical and pharmacological factors that can affect corneal epithelial wound healing. 
